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LAT Links the Pre-BCR to Calcium Signaling
within immunoreceptor tyrosine-based activation motifsYu-wen Su and Hassan Jumaa*
(ITAMs) of the intracellular domains of Ig-/Ig- areInstitute for Biology III
phosphorylated by Lyn, a Src family kinase, or Syk (Reth,Albert-Ludwigs University of Freiburg and
1989; Rolli et al., 2002). Syk is recruited by the ITAMsMax Planck Institute for Immunobiology
of Ig-/Ig- and phosphorylates several PTK substratesFreiburg, Germany
including adaptor proteins. These adaptor proteins me-
diate protein-protein and protein-lipid interactions that
are indispensable for lymphocyte activation (Myung etSummary
al., 2000; Tomlinson et al., 2000). SLP-65, an adaptor
protein expressed in B cells and also known as BLNKSLP-65/ mice display a partial block at the pre-B
or BASH, is phosphorylated by Syk after BCR engage-cell stage of development. Here, we show that LAT is
ment (Fu et al., 1998; Goitsuka et al., 1998; Wienandsrequired for the differentiation of SLP-65/ pre-B
et al., 1998). Phosphorylated SLP-65 is a central modula-cells. We show that LAT and SLP-76 are recruited to
tor of Ca2 response that couples Syk and Btk, a Tecthe pre-BCR and associated with Ig- upon pre-BCR
family kinase, to phospholipase C2 (PLC-2) (Hashi-engagement, whereas LAT interaction with SLP-76 is
moto et al., 1999; Ishiai et al., 1999; Su et al., 1999).already detected in untreated pre-B cells. Reconstitu-
After phosphorylation by Syk and Btk, PLC-2 is acti-tion of LAT or SLP-65 expression in SLP-65/LAT/
vated and generates the second messenger inositolpre-B cells restored their calcium (Ca2) mobilization
1,4,5-tris-phosphate (IP3) that leads to Ca2 release fromcapacity, led to downregulation of surface pre-BCR,
intracellular stores (Kurosaki et al., 2000). Mice deficientand induced differentiation to BCR cells. Together,
for SLP-65 show a partial block of B cell developmentour results suggest that the adaptor proteins LAT and
at the pre-B cell stage and decreased numbers of matureSLP-76 are involved in pre-BCR signaling, thereby res-
B cells in the periphery, demonstrating the crucial rolecuing arrested murine SLP-65/ pre-B cells.
of SLP-65 during B cell development (Jumaa et al., 1999;
Pappu et al., 1999; Xu et al., 2000; Hayashi et al., 2000).Introduction
Compared to BCR signaling, pre-BCR signaling remains
poorly understood because of the difficulty in identifyingB lymphocyte development is a highly regulated process
pre-B cells in the BM of wild-type (WT) mice (Karasuy-that can be divided into distinct stages according to the
ama et al., 1994). However, pre-BCR engagement in-expression of various surface markers and the recombi-
duces phosphorylation of Ig-, Lyn, Syk, SLP-65, PI3K,nation status of the heavy (HC) and light chain (LC) genes
Btk, and PLC-2 and leads to Ca2 mobilization (Guo et(Hardy et al., 1991; Osmond et al., 1998). Pro-B cells
al., 2000), indicating that similar molecular events are(c-kitB220CD43) represent the earliest distinguish-
modulated by both pre-BCR and BCR.able B cell population in which recombination of HC
In T cells, LAT (linker for activation of T cells) a trans-locus is initiated (Benschop and Cambier, 1999). Pro-
membrane adaptor protein of 36–38 kDa together withductive recombination results inchain expression that,
SLP-76, an adaptor protein analogous to SLP-65, playstogether with the surrogate light chain (SL) and the sig-
a central role in T cell activation (Jackman et al., 1995;naling components Ig-/Ig-, forms the pre-B cell recep-
Weber et al., 1998; Zhang et al., 1998; Samelson, 2002).tor complex (pre-BCR) which is expressed on the cell
Upon T cell receptor (TCR) engagement, LAT is phos-surface (Karasuyama et al., 1994). Pre-BCR expression
phorylated on tyrosines by the Syk family kinase Zap-
is an important checkpoint during B cell development,
70 and associates with several signaling components
as signals from the pre-BCR are essential for survival,
including SLP-76, Gads, Grb2, PLC-1, Cbl, Vav, or PI3K
selection, and expansion of large pre-B cells (Melchers (Ishiai et al., 2000; Tomlinson et al., 2000; Zhang et al.,
et al., 2000). In addition, pre-BCR signaling is involved 2000). LAT-deficient Jurkat T cells show decreased tyro-
in the induction of LC gene recombination (Reth et al., sine phosphorylation of SLP-76, Vav, and PLC-1 upon
1987; Tsubata et al., 1992). The subsequent combination TCR engagement (Finco et al., 1998). Moreover, these
of LC and HC in addition to Ig-/Ig- leads to the cells are defective in Ca2 mobilization, activation of the
expression of the B cell receptor (BCR) complex on the MAPK pathway, and transcriptional factors AP-1 and
cell surface and the production of immature B cells that NF-AT (Finco et al., 1998). Mice deficient for LAT or SLP-
leave the bone marrow (BM) and continue differentiation 76 showed normal B cell development but an absence
to become IgDhighIgMlow mature B cells (Buhl et al., 2000). of peripheral T cells due to an early block of T cell
BCR expression is essential for the survival of mature development (Clements et al., 1998b; Pivniouk et al.,
B cells, demonstrating the crucial role of BCR signaling 1998; Zhang et al., 1999). These reports demonstrate
(Lam et al., 1997). BCR engagement results in increased the essential role of LAT and SLP-76 for TCR signaling
protein tyrosine phosphorylation mediated by nonre- and T cell development (Pivniouk and Geha, 2000). In
ceptor protein tyrosine kinases (PTK) of the Src, Syk, addition to T cells, expression of LAT and SLP-76 was
and Tec families (Schaeffer and Schwartzberg, 2000; reported in mast cells, NK cells, and megakaryocytes
Tamir and Cambier, 1998). The tyrosine residues located (Jackman et al., 1995; Clements et al., 1998a; Facchetti
et al., 1999).
The incomplete block of early B cell development in*Correspondence: jumaa@immunbio.mpg.de
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Figure 1. Expression of LAT and SLP-76 in
pre-B Cells
(A) Total cellular lysates from BM-derived pre-B
cells and various B cell lines (as indicated in
the figure) were subjected to immunoblotting
with anti-LAT (upper panel), anti-SLP-76 (mid-
dle panel), or, as a control, anti-eIF-4A (lower
panel). The murine T cell line RLM-11 was
used as positive control for LAT and SLP-76
expression (lane 8).
(B) B220 versus  FACS profiles of the BM-
derived pre-B cells from WT, SLP-65/, and
SLP-65/LAT/ mice used in (A).
(C) LAT and SLP-76 are tyrosine phosphory-
lated upon pre-BCR engagement. Immuno-
purification with anti-LAT or anti-SLP-76 from
total cellular lysates of SLP-65/ pre-B cells.
Cells were either left untreated (, lanes 1
and 3) or stimulated with anti- (, lanes 2
and 4) at 37C for 2 min. Membranes were
incubated with anti-pY (upper panel) and then
reblotted with anti-LAT and anti-SLP-76, re-
spectively (lower panel).
the SLP-65/mice suggested that other signaling mole- in BM-derived pre-B cells from WT, SLP-65/, and SLP-
65/LAT/ mice (Figure 1A, lanes 1–3), but not in the cellcule(s) could partially neutralize SLP-65 deficiency in B
cells. As SLP-76 expression was reported in pro-B cells lines 70Z, WEHI-231, K46, and J558L (Figure 1A, lanes
4–7). The BM-derived pre-B cell cultures consisted of(Nagata et al., 1997), it seemed likely that SLP-76 may
be involved in the rescue of SLP-65/ pre-B cells. SLP- pure B cells, suggesting that the detected expression
of LAT and SLP-76 is not due to contaminating non-B76, however, required LAT coexpression to reconstitute
BCR function in SLP-65/ DT40 chicken B cells (Ishiai cells (Figure 1B). As SLP-65/ BM-derived pre-B cells
express high levels of the pre-BCR on the surface (Flem-et al., 2000; Wong et al., 2000). Therefore, we examined
whether LAT and SLP-76 play a role in B cell develop- ming et al., 2003), we tested whether anti- treatment
to induce pre-BCR signaling results in tyrosine phos-ment and whether they rescue SLP-65/ pre-B cells.
phorylation of LAT and SLP-76. This analysis showed
that tyrosine phosphorylation of both LAT and SLP-76Results
was enhanced after anti- treatment of SLP-65/ pre-B
cells (Figure 1C, lanes 2 and 4). These results confirmLAT and SLP-76 Are Expressed in pre-B Cells
previous data implicating SLP-76 in pre-BCR signalSLP-65 connects the BCR to downstream signaling ele-
transduction (Nagata et al., 1997) and suggest that LATments in analogy to the T cell adaptor proteins LAT and
may be involved in pre-BCR signaling and early B cellSLP-76 that transmit TCR signals (Myung et al., 2000).
development.To test whether LAT and SLP-76 may be involved in
differentiation of SLP-65/ pre-B cells, we investigated
their expression during B cell development. Immunoblot Only Few B Cells Pass the pre-B Cell Stage
in the SLP-65/LAT/ Miceanalysis revealed LAT expression in BM-derived pre-B
cells from WT and SLP-65/ mice (Figure 1A, lanes 1 SLP-65/ mice show an incomplete block of B cell
differentiation at the CD43/B220 pre-B cell stage (Ju-and 2) and in the pre-B cell line 70Z (Figure 1A, lane 4).
No LAT expression was detected in the more differenti- maa et al., 1999). To test whether LAT was required for
the partial differentiation of SLP-65/ pre-B cells, weated B cell lines WEHI-231, K46, and J558L (Figure 1A,
lanes 5–7). In parallel, SLP-76 expression was detected compared the B cell populations of WT, SLP-65/, SLP-
Differentiation of SLP-65-Deficient pre-B Cells
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Figure 2. B Cell Development in SLP-65/LAT/ Mice
(A) Analysis of B220 and CD43 expression was carried out for lymphocytes in the BM (left) and spleen (right) of the indicated mice. Numbers
refer to the percentage of cells in the rectangle relative to blotted cells.
(B) Analysis of pre-BCR expression ( versus 5) was carried out for B220 cells in the BM. Numbers refer to the percentage of cells in the
gate relative to blotted cells. Analysis of IgM versus IgD expression was carried out for B220 cells in the spleen. Numbers refer to the
percentage of cells in the quadrants relative to blotted cells.
65/LAT/, and LAT/ mice (Figure 2). In the SLP-65/ lymph nodes of SLP-65/LAT/ mice (Figure 2B, right
panel and data not shown). Again, the proportions ofmice, the increase in CD43/B220 pre-B cells was re-
stricted to the BM, whereas in the spleen, CD43/B220 pre-BCR and mature B cells were comparable in WT
and LAT/ mice (Figure 2B, top and bottom panels).differentiated B cells were detected (Figure 2A, second
panel). In the SLP-65/LAT/ mice, however, a large These results indicate that, in the absence of SLP-65,
LAT is required for B cells to exit the pre-BCR positiveproportion of the B cells in the BM and spleen were
CD43/B220 (Figure 2A, third panel). This suggests stage of development.
that the residual pre-B cell differentiation capacity from
CD43/B220 to CD43/B220 cells in the SLP-65/ The Defect of B Cell Development in SLP-65/LAT/
Mice Is Not due to the Absence of T Cellsmice depends mainly on LAT. A reproducible increase
of CD43/B220 pre-B cells was observed in the BM of LAT/ mice display a complete block at an early stage
(CD4/CD8) of T cell development and thus lack matureLAT/ mice compared to WT mice (15	 6.5% in LAT/
compared with 6.3 	 0.3 in WT littermates, n 
 3). This T cells (Zhang et al., 1999). To rule out the possibility
that the severe block of B cell development in the SLP-indicates that LAT/ pre-B cells are partially blocked
at this stage of development (Figure 2A, fourth panel). 65/LAT/ mice might be due to the lack of mature
T cells, we performed BM transfer experiments intoMTStaining for pre-BCR ( versus 5) revealed that 44%
of the B cells in the BM of SLP-65/LAT/ mice are pre- mice lacking the transmembrane region of HC (Kita-
mura et al., 1991). In these mice, B cell development isBCR positive compared to 2% and 14% in WT and SLP-
65/ mice, respectively (Figure 2B, left panel). Almost blocked at the pro-B cell stage, but T cell development
is not affected. BM cells from WT, SLP-65/, and SLP-no IgDhighIgMlow mature B cells (2%) and few transitional
IgDhighIgMhigh cells (7%) were found in the spleen and 65/LAT/ mice were injected separately into irradiated
Immunity
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84 (SLP-65/LAT/). In addition, we included a pre-B
cell line (Oct) that, similar to the Dec cell line, was estab-
lished from the BM of an SLP-65/ mouse and used in
a previous study (Flemming et al., 2003). In contrast to
Dec, the Oct pre-B cells show no LAT expression (Figure
4A, lane 2). All cell lines were generated by culturing
BM cells from corresponding mice in IL-7 supplemented
medium for extended times (6 months). All cell lines
showed similar proliferation rates and were CD19/pre-
BCR/CD43/c-kit/CD25 (data not shown). We inves-
tigated the pre-BCR induced Ca2 response in these
cell lines and found that only the LAT-expressing Dec
pre-B cells showed a Ca2 response, whereas pre-B
cells deficient for both SLP-65 and LAT (84 and Oct)
failed to mobilize any Ca2 (Figure 4B). This suggests
that LAT is required for Ca2 mobilization in SLP-65/
pre-B cells.
Since phosphorylated LAT interacts with PLC-1 upon
TCR engagement in T cells and thus connects the TCR
with Ca2 mobilization (Finco et al., 1998), we analyzed
LAT interaction with PLC-2, the predominant PLC-
form in B cells. In Dec pre-B cells, LAT is associated
with PLC-2 and this association is enhanced upon pre-
BCR engagement (Figure 4C, lanes 1 and 2). The inability
of LAT-deficient pre-B cells to induce Ca2 response
cannot be explained by a defective pre-BCR, as anti-
phosphotyrosine-immunopurification experiments show
Figure 3. BM Transfer to Reconstitute B Cell Development in MT that Ig- phosphorylation is increased in Dec, 84, and
Mice Oct pre-B cells upon pre-BCR engagement (Figure 4D,
MT mice were irradiated and subsequently injected either with lanes 2 and 4 and data not shown)
PBS, BM cells from WT, SLP-65/, or SLP-65/LAT/ mice. BM
cells from two donor mice of each genotype were combined prior
LAT Is Associated with Ig- Uponto injection. The lymphocytes in BM and spleen of the injected mice
pre-BCR-Engagementwere analyzed for B cells by flow cytometry (B220 versus IgM and
IgD versus IgM). Five different MT mice were used for each geno- We further investigated the role of LAT in signal trans-
type with similar results. duction from the pre-BCR and searched for LAT-associ-
ated proteins in pre-B cells. Using anti-LAT-immunopur-
ification combined with anti-phosphotyrosine detection,
we found a tyrosine-phosphorylated protein of approxi-
MT mice. One month later, normal T cell numbers were mately 30 kDa associated with LAT upon pre-BCR en-
found in the spleen of all irradiated MT mice (data gagement in Dec pre-B cells. Detection with anti-Ig-
not shown). Transplanting WT BM cells resulted in the revealed that this protein is Ig- (Figure 5A, lane 2). To
development of immature (IgMhighIgDlow) and mature show that the LAT/ Ig- interaction is independent of
(IgMlowIgDhigh) B cells in the spleen of MT mice (Figure SLP-65 deficiency, we confirmed these results using a
3, second panel). The MT mice transplanted with BM wild-type pre-B cell line (wt2) expressing SLP-65 (Figure
cells from SLP-65/ mice showed a reduced mature B 5A, lane 4). The wt2 pre-B cell line was established
cell compartment and an increased number of IgMhigh- similarly to Dec pre-B cells by extended cultivation of
IgDhigh transitional B cells in the spleen (Figure 3, third BM cells from a wild-type mouse in IL-7-supplemented
panel). No immature or mature B cells were detected in medium. Surface marker expression and proliferation
the MT mice transplanted with BM cells from SLP-65/ rates were similar in Dec and wt2 pre-B cells (Figure 5B
LAT/ mice (Figure 3, fourth panel). All B cells in the and data not shown). Using anti-SLP-76-immunopurifi-
latter MT mice are IgM-like controlMT mice injected cation combined with anti-phosphotyrosine and anti-
with PBS, indicating that B cell progenitors from SLP- Ig- detection, we also detected an association of SLP-
65/LAT/ mice are not able to differentiate even in the 76 with Ig- in the Dec and wt2 pre-B cell lines (Figure
presence of T cells. This experiment suggests that the 5C, lanes 2 and 4). As LAT lacks interaction domains,
block of B cell development in the SLP-65/LAT/ mice its association with SLP-76 may provide one mechanism
is not due to the lack of T cells but an intrinsic defect for interaction with Ig- and, therefore, we investigated
in the pre-B cells of these mice. LAT association with SLP-76 in pre-B cells. Anti-SLP-76
and anti-LAT immunopurification experiments revealed
that SLP-76 and LAT form a complex that can be immu-LAT Expression Is Associated with Ca2 Mobilization
in SLP-65/ pre-B Cells nopurified with either antibody (Figure 5D). The associa-
tion between LAT and SLP-76 was already detected inTo investigate the molecular mechanisms underlying the
developmental defect of the SLP-65/LAT/ B cells, we unstimulated cells and was not enhanced by pre-BCR
engagement or the phosphatase inhibitor pervanadate,utilized BM-derived pre-B cell lines Dec (SLP-65/) and
Differentiation of SLP-65-Deficient pre-B Cells
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Figure 4. Correlation of Ca2 Mobilization with LAT Expression in SLP-65/ pre-B Cells
(A) Total cellular lysates from the pre-B cell lines Dec, Oct, and 84 were subjected to LAT immunoblotting (upper panel) followed by reblotting
for eIF-4A as control (lower panel).
(B) SLP-65/ pre-B cells that express LAT show Ca2 mobilization upon pre-BCR engagement. Ca2 mobilization profiles after anti- treatment
of the indicated cell lines are shown.
(C) Increased association of LAT with PLC-2 in Dec pre-B cell line upon pre-BCR engagement. Immunopurification with anti-LAT from total
cellular lysate of Dec cells left unstimulated () or stimulated with anti- () at 37C for 2 min. The membrane was incubated with anti-PLC-
2 (upper panel) followed by anti-LAT (lower panel).
(D) Phosphorylation of Ig- upon pre-BCR engagement. Immunopurification with anti-pY from the cellular lysates of Dec and 84 pre-B cells
unstimulated () or stimulated with anti- () for 2 min. The membrane was incubated with anti-pY (upper panel) followed by reblotting for
Ig- (lower panel). The position of tyrosine phosphorylated Ig- is indicated.
which is a strong stimulator of tyrosine phosphorylation ports showed that expression of GFP-SLP-65 fusion
(Figure 5D). In contrast to LAT interaction with SLP-76, protein in SLP-65/ pre-B cells led to downregulation
neither LAT nor SLP-76 showed any association with of surface pre-BCR (Flemming et al., 2003; Schebesta
SLP-65 in the wt2 pre-B cells (data not shown). This et al., 2002). Therefore, we tested whether LAT recon-
indicates the existence of two independent complexes stitution influences surface pre-BCR expression in
associating with the pre-BCR, one containing LAT/SLP- SLP-65/LAT/ pre-B cells. Expression of LAT-GFP or
76 and the other SLP-65. GFP-SLP-65 in 84 pre-B cells resulted in similar down-
regulation of surface pre-BCR amounts (Figure 6D, first
and third panels). In contrast, the GFP-LAT fusion pro-LAT Is Required for pre-BCR-Induced Ca2 Release
tein was similar to GFP alone and failed to induce pre-in SLP-65/ pre-B Cells
BCR downregulation (Figure 6D, second and fourth pan-To study the consequences of LAT expression for pre-
els). We also analyzed the effect of LAT expression onBCR signaling in SLP-65/ pre-B cells, we generated
Ca2 mobilization. 84 pre-B cells expressing LAT-GFPGFP-fusion proteins of LAT using retroviral vectors and
fusion protein evoked an even stronger Ca2 responsetransduced them into 84 pre-B cells (Figure 6A). In the
upon anti- treatment than cells expressing GFP-SLP-LAT-GFP construct, GFP was fused to the C terminus
65, whereas GFP-LAT or GFP expression showed noof LAT. This led to a fusion protein that behaved like
effect (Figure 6E). We tested the effect of LAT expressionWT LAT as it was integrated into the plasma membrane
on differentiation of pre-B cells by removing IL-7 from(Figure 6A, top panel). In the GFP-LAT construct, GFP
the culture medium and measuring LC expression onwas placed at the N terminus of LAT. This resulted in a
the cell surface. The proportion of LC-expressing cellsfusion protein that was not integrated into the plasma
dramatically increased in the subpopulations express-membrane (Figure 6A, lower panel). Immunoblot analy-
ing LAT-GFP or GFP-SLP-65 indicating an enhancedsis showed moderate expression of the fusion proteins
differentiation, whereas GFP-LAT- or GFP-expressingLAT-GFP and GFP-SLP-65 in the transduced pre-B cells
(Figure 6B, lane 4, and Figure 6C, lane 3). Previous re- subpopulations were similar to untransfected cells in 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Figure 5. LAT and SLP-76 Form a Constitutive Complex in pre-B Cells that Is Recruited to the pre-BCR Upon Engagement
(A) Immunopurifications with anti-LAT from total cellular lysates of SLP-65/ Dec pre-B cell line and wt2 (a BM-derived pre-B cell line from
a wild-type mouse). The cells were left untreated () or stimulated with anti- () at 37C for 2 min. The membrane was incubated with anti-
pY (upper panel) followed by reblotting with anti-Ig- (middle panel) and anti-LAT (lower panel).
(B) Expression of SLP-65 in wt2 revealed by Western blot of total lysates and CD19 versus  FACS profiles of the pre-B cell lines wt2 and Dec.
(C) Immunopurifications with anti-SLP-76 from total cellular lysates of Dec and wt2. The cells were left untreated () or stimulated with anti-
() at 37C for 2 min. The membrane was incubated with anti-pY (upper panel) followed by reblotting with Ig- (middle panel) and anti-SLP-
76 (lower panel).
(D) Constitutive association of LAT with SLP-76 in pre-B cells. Dec cells were left untreated () (lanes 1 and 4), stimulated with anti- for 2
min (, lanes 2 and 5) or with pervanadate for 3 min (pv, lanes 3 and 6). Immunopurifications with anti-SLP-76 and anti-LAT from cellular
lysate were dephosphorylated and subjected to immunoblotting with anti-SLP-76 (upper panel) and anti-LAT (lower panel). Similar results
were obtained with wt2 pre-B cells.
expression pattern (Figure 6F). However, the proportion deficient for both SLP-65 and LAT is severely but not
completely blocked at the pre-B cell stage. Further, theof LC-expressing cells was higher in GFP-SLP-65
(51%)- compared to LAT-GFP (31%)-expressing pre-B results indicate that by associating with Ig- upon pre-
BCR engagement, LAT recruits PLC-2 to the pre-BCRcells. The above experiments were also carried out with
the Oct pre-B cell line leading to similar results (data and enables the generation of the second messenger
IP3, resulting in Ca2 mobilization.not shown).
The partial block in B cell development in the SLP-
65/mice raised the question whether alternative adap-Discussion
tor proteins can, to some extent, replace SLP-65. Our
results show that LAT is an essential adaptor protein inOur experiments demonstrate that LAT is involved in
pre-BCR signaling and that B cell development in mice SLP-65/ pre-B cells. B cells in the periphery of SLP-
Differentiation of SLP-65-Deficient pre-B Cells
301
Figure 6. Similar Functions for LAT and SLP-65 in pre-BCR Signaling
(A) Schemes of fusion proteins between LAT and GFP and confocal microscopy photographs to show the distribution of the GFP-fusion
proteins in pre-B cells. LAT-GFP fusion protein was expressed on the cell surface (upper) but not the GFP-LAT fusion protein (lower).
(B) Expression of LAT-GFP in pre-B cells. Pre-B cells 84 were transduced with the retroviral construct encoding LAT-GFP. 24 hr later, the
transduction efficiency was determined (30%) and the expression of LAT-GFP was analyzed by anti-LAT immunoblot of total lysates (upper
panel). The membrane was reblotted with anti-eIF4-A (lower panel). The positions of LAT and LAT-GFP are indicated.
(C) Expression of GFP-SLP-65 in pre-B cells. Pre-B cells 84 were transduced with the retroviral construct encoding GFP-SLP-65. 24 hr later,
the transduction efficiency was determined (40%) and the expression of GFP-SLP-65 was analyzed by anti-SLP-65 immunoblot of total lysates
(upper panel). The membrane was reblotted with anti-eIF4-A (lower panel). The positions of SLP-65 and GFP-SLP-65 are indicated.
(D) GFP versus  FACS profiles and  histograms showing LAT-induced downregulation of the pre-BCR. SLP-65/LAT/ pre-B cells (84) were
transduced either with LAT-GFP, GFP-LAT, GFP-SLP-65, or GFP. 24 hr after transduction, the cells were stained with cy5-labeled anti- and
analyzed by FACS. The GFP-negative and GFP-positive populations were gated as R1 and R2, respectively. Pre-BCR downregulation is shown
in histograms comparing  expression between R1 and R2.
(E) Ca2 mobilization upon pre-BCR engagement of the transduced cells described above. 24 hr after transduction, cells were stimulated with
anti- and Ca2 response was compared between cells in R1 and R2 of the same sample.
(F) LAT induces pre-B cell differentiation. After 4 days culture in medium lacking IL-7, the cells described in (D) were analyzed for  expression.
The numbers refer to the percentages of differentiated cells relative to total cells of each histogram.
65/LAT/ mice are mainly of the pre-B cell phenotype. detected; however, it is less severe than in SLP-65/
mice. This indicates that in the absence of LAT, SLP-This defect in B cell development of the SLP-65/LAT/
pre-B cells is intrinsic and not due to the absence of 65 efficiently transmits pre-BCR signals and allows B
cell development. In this regard, the pre-BCR differsT cells, as these pre-B cells failed to develop in the
presence of T cells in MT mice. In contrast to the SLP- from the BCR in that it utilizes signaling elements known
to be components of pre-TCR/TCR signaling cascades.65/LAT/ mice that contain some immature B cells, no
further B cell development was detected in MT mice Two alternative models may explain why pre-B cells
express TCR signaling components. (1) LAT and SLP-injected with SLP-65/LAT/ BM cells. An explanation
for this difference may be that the number and environ- 76 are already expressed in the common lymphoid pro-
genitors, and their aberrant expression in pre-B cellsment of progenitor cells provided by BM-transfer differ
from those found in the BM of untreated mice. points to an uncompleted commitment to the B cell
lineage. However, we failed to detect CD3- transcriptsIn LAT/ mice, an increase of CD43 B cells can be
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in SLP-65/ pre-B cells (data not shown), arguing
against a promiscuous expression of TCR signaling
components. (2) The expression of LAT and SLP-76 is
a mechanism to ensure maximum efficiency of signal
transduction from the pre-BCR via different transducer
complexes. The fact that LAT and SLP-76 specifically
interact with the pre-BCR and that LAT is involved in
signal amplification and Ca2 release strongly supports
the second model. The finding that the SH2 domain of
SLP-65 binds to Ig- and thus recruits SLP-65 to the
BCR (Engels et al., 2001; Kabak et al., 2002) makes it
conceivable that SLP-76 association with the pre-BCR
is mediated via the SLP-76-SH2 domain that may bind
to Ig-. This idea is supported by the fact that SLP-76
and SLP-65 share the highest homology in their SH2
domains (Wienands et al., 1998). In SLP-65/LAT/pre-B
cells, SLP-76 is associated with Ig- upon pre-BCR
engagement (data not shown), suggesting that this as-
sociation is upstream of LAT function. In addition, this
SLP-76 recruitment to the pre-BCR in the absence of
SLP-65 and LAT may explain the presence of few imma-
ture B cells in the SLP-65/LAT/ mice. SLP-65/SLP-
76 and SLP-76/LAT double-deficient mice are currently
being generated to further characterize the function of
these proteins in B cell development.
It is unclear how LAT interacts with Ig- and thus is
recruited to the pre-BCR, as LAT lacks any SH2 domain
or phosphotyrosine binding (PTB) domain (Leo and
Figure 7. Model for the Mechanisms of PLC-2 Activation by pre-
Schraven, 2001). The association of SLP-76 with LAT, BCR Signaling
however, provides one possibility to explain how LAT Phosphorylated and pre-BCR associated SLP-65 provides docking
associates with Ig- upon pre-BCR stimulation. The LAT sites for PLC-2 and Btk (Tec kinase) resulting in full activation of
recruitment to the pre-BCR and LAT association with PLC-2 and Ca2 mobilization. In an alternative complex, SLP-76
may bind to Ig- and become phosphorylated by Syk. SLP-76 inter-PLC-2 enables SLP-65/ pre-B cells to evoke a Ca2
acts via the adaptor proteins Gads or Grb2 with LAT that can alsoresponse upon pre-BCR engagement. In WT pre-B cells,
be phosphorylated by Syk. Phosphorylated LAT recruits PLC-2 tothe LAT/SLP-76 complex operates independent of SLP-
the pre-BCR, resulting in PLC-2 activation and Ca2 mobilization.65, as all three proteins are phosphorylated after pre-
BCR engagement and no association of LAT or SLP-76
with SLP-65 is detected (Figure 7 and data not shown).
stores the capability of Ca2 mobilization but also in-LAT association with SLP-76 is mediated via Gads or
duces differentiation as assessed by the downregulationGrb2 and requires tyrosine phosphorylation of LAT (Ish-
of pre-BCR expression and increase of LC expression.iai et al., 2000; Tomlinson et al., 2000). The fact that LAT
Thus, our experiments explain how B cell developmentassociation with SLP-76 in pre-B cells is constitutive
is partially rescued in SLP-65/ mice and identify LATsuggests a constitutive phosphorylation of the tyrosine
and SLP-76 as the adaptor proteins that partially com-residues involved in SLP-76 binding. On the other hand,
pensate the loss of SLP-65 in mice. However, the partialLAT association with PLC-2 is increased upon pre-
block of pre-B cell development in SLP-65/ mice sug-BCR engagement, suggesting that the phosphorylation
gests that SLP-65 is required for additional functionsof the PLC-2 binding sites in LAT is inducible. Thus,
that cannot be completed by LAT/SLP-76. The naturethe phosphorylation status of the different tyrosine resi-
of these additional functions is a matter of future investi-dues of LAT is not identical, resulting in additional flexi-
gations.bility of LAT-mediated protein-complex formation.
RT-PCR analysis of purified human BM-B cells re-The reason for the higher Ca2 response in LAT-recon-
vealed the expression of both SLP-76 and LAT (data notstituted compared to SLP-65-reconstituted cells is not
shown), indicating that they might play a role in pre-Bclear. A simple explanation for the high Ca2 response
cell development in humans. The fact that SLP-65 defi-of LAT-reconstituted pre-B cells may be that SLP-65
ciency in humans results in complete block of B celland LAT differ in their capability of recruiting signaling
development (Minegishi et al., 1999) indicates that pre-elements. This difference may result from the fact that
BCR signals via the LAT/SLP-76 complex are not suffi-LAT but not SLP-65 is constitutively associated with
cient to promote human pre-B cell development butspecialized membrane compartments called glycolipid-
does not rule out their possible role in pre-BCR signal-enriched microdomains (GEMs or rafts) where signaling
ing. Thus, further analysis of LAT/SLP-76 functions ismolecules are enriched (Leo and Schraven, 2001). Since
required to understand pre-BCR signaling in murinea fraction of the pre-BCR is also constitutively raft asso-
pre-B cells and may also explain why human pre-B cellciated, it is possible that this fraction uses LAT for Ca2
development is completely blocked in the absence ofmobilization (Guo et al., 2000). Reconstitution of LAT
expression in SLP-65/LAT/ pre-B cells not only re- SLP-65.
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Experimental Procedures Retroviral Constructs and Transductions
Retroviral transductions were carried out as described previously
(Ketteler et al., 2002). The vector pMOWS-GFP-SLP-65 was de-Mice
SLP-65/ mice and LAT/ mice were described previously (Jumaa scribed previously (Flemming et al., 2003). The cDNA sequence
encoding murine LAT was ligated with GFP cDNA to create pMOWS-et al., 1999; Zhang et al., 1999). All mice were sacrificed at 6–15
weeks of age. Animal experiments were performed in compliance GFP-LAT and pMOWS-LAT-GFP. The transfection was performed in
the Phoenix retroviral producer cell line using GeneJuice (Novagen)with guidelines of the German law and the MPI for Immunobiology.
according to manufacturer instructions. For the transduction, the
preB cells were incubated with viral supernatants as described (Ket-Cell Purification, Cell Culture, and Cell Lines
teler et al., 2002). The transfection efficiencies were between 15%Cell suspension was prepared from the BM and cultured in Iscove’s
to 60%. Ca2 response and LAT expression were analyzed 24 hrmedium containing 10% FCS (GIBCO-BRL), 100 U/ml penicillin, 100
post transduction.U/ml streptomycin (GIBCO-BRL), 5 105 M 2-ME, and IL-7. Super-
natant of J558L cells stably transfected with murine IL-7 expression
Ca2 Mobilizationvector was used as source for IL-7. The cell lines 70Z, WEHI-231,
Cells (5 106) were incubated with 5 g/ml of Indo-1 AM (MolecularK46, J558L, and RLM-11 were maintained in RPMI 1640 medium
Probes) and 0.5 g/ml of pluronic F-127 (Molecular Probes) in Is-containing 10% FCS (Vitromex) supplemented as for Iscove’s me-
cove’s medium supplemented with 1% FCS (Vitromex) at 37C. Afterdium. The pre-B cell line 84 was derived from SLP-65/LAT/ mouse;
45 min incubation, the cell pellets were resuspended in Iscove’sDec and Oct pre-B cell lines were derived from SLP-65/ mice and
medium plus 1% FCS and kept on ice. Ca2 response was inducedwt2 from a Balb/C mouse. These cell lines were established by
by adding goat anti-mouse IgM (Southern Biotechnology) at an endculturing BM cells in IL-7 supplemented medium for extended times
concentration of 20 g/ml.(6 months).
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